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I , On the basis of the universal seesaw mass matrix model, which is a 

Ph. 
D . promising model of the unified description of the quark and lepton mass 

matrices, the behaviors of the gauge coupling constants and intermedi- 

v^ ■ ate energy scales in the SO(IO)^ x SO(10)j:j model are investigated re- 

;h ' lated to the neutrino mass generation scenarios. The non-SUSY model 

cannot give favorable values of the intermediate energy scales to explain 

the smallness of the neutrino masses, while the SUSY model can give 

the plausible values if the number n^ of the weak doublet Higgs scalars 

is ritf, > 3. 
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1 Introduction 

Recently, a universal seesaw mass matrix model has considerably attracted us as a 
unified mass matrix model of the quarks and leptons. The model ^ was proposed 
in order to understand the question why the masses of quarks (except for top quark) 
and charged leptons are so small compared with the electroweak scale A^ (~ 10^ 
GeV). The model has hypothetical fermions Fi in addition to the conventional 
quarks and leptons /, (flavors / = u,d,h',e; family indices i = 1,2,3), and those 
are assigned to h = (2,1), fn = (1,2), Fl = (1,1) and Fr = (1,1) of SU(2)iX 
SU(2)ij. The 6x6 mass matrix which is sandwiched between the fields [J^jFl) 
and {fn, Fr) is given by 



M 



6x6 



rriL 
rriR Mp 



'1.11 



where tul and mn are universal for all fermion sectors (/ = u, d, u, e) and only 
Mp have structures dependent on the flavors /. For A^ < A/j <^ Ap, where A^ = 
0(7711), A f( = 0(771 fl) and Ap = 0(Mp), the 3x3 mass matrix Mf for the fermions 
/ is given by the well-known seesaw expression Mf ~ —7nLMp^7nji, so that the 
quarks and lepton masses m^; are given with a suppression factor Aji/Ap. In 
order to understand the observed heavy top quark mass value 7nt ~ Ap, we put an 
additional condition detM^? = on the up-quark sector (F = U) [0, || . Then, since 
one of the fermion masses 7n(Ui) (i = 1,2,3) is zero [say, m(U^) = 0], so that the 
seesaw mechanism does not work for the third family, and the fermions (msl, U^r) 
and (U3l,U3r) acquire masses of 0(mL) and 0(mp), respectively, without the 
suppression factor Ap/Ap. We identify (u^PiU^^) as the top quark (tp^tp). An 
explicit model for the matrix forms 7np, 7np and Mp has been proposed by Fusaoka 
and the author p|, and they have successfully obtained the numerical results on 
the quark masses and mixings, where those quantities are described in terms of the 
charged lepton masses by assuming simple structures of mp, mp and Mp. 

For the neutrino mass matrix, we start the following 12 x 12 mass matrix: 





( 








mp ^ 


Up 17% Np AT^) 








mp 


ml 

Mr 




Md 




K^l 





Ml 


Mp ) 
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Nl 
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The mass matrix (1.2) leads to different scenarios of the neutrino phenomenol- 
ogy correspondingly to the different structure of the intermediate mass scales 



Anl = 0{Ml), Anr = 0{Mn), and A^ = 0{Md) together with to A^, Ar, 

and A^ {F ^ N). For example, for the case AtvljA^t/^ > A^, the neutrino mass 

matrix is approximately given by M^ ~ —mLM^^mj^, so that the neutrino masses 

are suppressed by the factors Al/Ar and Ap/A^L compared with the quark and 

charged lepton masses mg^. 

In spite of such phenomenological successes, there is a reluctance to recognize 

the model, because the model needs extra fermions F. In most unification models, 

there are no rooms for the fermions F. Whether we can built a unification model in 

which the fermions F are reasonably embedded will be a touchstone for the great 

future of the universal seesaw mass matrix model. 

For this problem, there is an attractive idea [Q. We can consider that the 

j^ 

fermions F^ (= CFj^) together with the fermions fi belong to 16 of SO(IO), and 

also Fl together with //? belong to 16 of another SO(IO), i.e., 

(/l + i^ij) ~ (16, 1) , (/i? + F£)~(l,16), (1.3) 

of SO(10)lxSO(10)r. In order to examine the idea (1.3), in the present paper, 
we investigate the evolution of the gauge coupling constants on the basis of the 
SO(10)LxSO(10)ij model and estimate the intermediate energy scales Ar, Ap and 
Ajv together with the unification energy scale Ax- The evolutions of the gauge 
coupling constants under SO(10)lX 80(10)^2 symmetries have already been done 
by Davidson, Wall and Cho 0. The case of the symmetry breaking SO(IO)^ x 
SO(IO)^ -^ [SU(5) xU(1)]lx[SU(5)xU(1)]/j is easily ruled out phenomenologically. 
On the contrary, it is not clear that the case SO(IO)^ x SO(IO)^ -^ [SU(2) x 
SU(2)' X SU(4)]l X [SU(2) x SU(2)' x SU(4)]r is ruled out or not, because there are 
many symmetry breaking patterns which were not discussed in the Ref. Q. In the 
present paper, we will systematically investigate the intermediate mass scales for 
all possible cases (including non-SUSY and SUSY cases), but under a numerical 
constraint Ar/Af — 0.02 [0] which were derived from the observed ratio nic/mt 
under the new scenario of the universal seesaw model. 

In Sec. H, we introduce the Higgs scalars in the present model and classify 
the possible cases of the symmetry breaking patterns. In Sec. |^, we shortly review 
possible forms of the active neutrinos vl under the various cases of the intermediate 
energy scales. In Sec. ||, we discuss the evolution of the gauge coupling constants for 
the case SO(10)^xSO(10)^^ [SU(2)xSU(2)'xSU(4)]ix[SU(2)xSU(2)'xSU(4)]^. 
The numerical results are presented in Sec. ^. Although non-SUSY cases give the 
value Al/ Ar ~ 10~^, the value is not sufficient to explain the smallness of the 
neutrino masses. On the other hand, the SUSY case can give a reasonable order 



of Al/Aji ~ 10~^° for n^ = 6, where n^ is the number of the SU(2) doublet Higgs 
scalars. However, the model will encounter a new problem, i.e., the flavor-changing 
neutral currents (FCNC) problem. Sec. |^ will be devoted to the conclusions and 
remarks. 



2 Higgs bosons and possible symmetry breaking 
patterns 

In the present model, we consider the following Higgs scalars: 
(i) $XL = (54,1) and ^xr = (1,54), whose vacuum expectation values (VEV) 
break the symmetries SO(IO)^ and SO(IO)^ into [SU(2) x SU(2)' x SU(4)]i and 
[SU(2) X SU(2)' X SU(4)]fi, respectively; 

(ii) <l>iVL = (126, 1) and ^nr = (1, 126), whose VEV break the symmetries [SU(2)'x 
SU(4)]l and [SU(2)' x SU(4)]^ into [U(l) x SU(3)]l and [U(l) x SU(3)]fl, respec- 
tively, and generate the Majorana mass terms N ^M^N^ and N^Mj^Nl, respec- 
tively; 

(iii) (l>F = (16, 16), whose VEV break SU(3)^ x SU(3)^ into SU(3)^^ and U(l)^ x 
U(l)^ into U(l)^^, and generate the Dirac mass terms FlMfFr] 
(iv) (pL = (10,1) and (pR = (1,10), whose VEV break SU(2)l and SU(2)r and 
generate the mass terms f lItilFji and Firrijifji, respectively. 

For example, we consider the following case of the symmetry breaking pat- 
tern: 
Case RLRL: Kxr > Axl > Anr > Anl = Ad > Ai;' 

SO(IO)^ X SO(IO)^ 

i at n = AxR 

SO(10)l X [SU(2) X SU(2)' x SU(4)]r 

i at jj, = Axl 

[SU(2) X SU(2)' X SU(4)]i x [SU(2) x SU(2)' x SU(4)]b 

i at fi = Anr 
[SU(2) X SU(2)' X SU(4)]l x [SU(2) x U(1) x S\J{3)]r 

I at fi = Anl = Ad 
[SU(2) X U(l) X SU(3)]l X [SU(2) x U(l) x S\J{3)]r 



I at /i = Ap 

SU(2)^ X SU(2)^ X U(l)^^ X SU(3)^^ 

I at fi = Ar 

SU(2)^ X U(l)^ X SU(3)^^ 

J. at fi = Al 

U(l)_ X SU(3)^^ , (2.1) 

where SU(3)ii^ means the color gauge symmetry SU(3)c. 

For convenience, we define the following ranges of the energy scale /i: Range 
1 {Al < yu < Ar); Range 2 (A^^ < yU < Ap); Range 3 {Ap < ^ < Anl); Range 4 
(Anl < /i < Anr); Range 5 (A^r < /i < Axl); Range 6 (A^l < /i < Axr). Here, 
we regard A^ = A^l- Also, for convenience of the next section, let us define the 
following parameters 

Xi = \og{AR/AL) , X2 = log(AF/Aij) , X3 = log(AAfi/AF) , 

X4 = \og{ANR/ANL) , X5 = \og{AxL/ANR) , Xq = \og{AxR/ Axl) ■ (2.2) 

The values of Xi must be positive or zero. Especially, the value of xi must roughly 
be Xi > 1 from the experimental lower limit [§] of the right-handed weak boson 
mass. 

We also investigate the following cases: 
Case RLLR: Axr > Axl > Anl > Anr = Ad > Ap] 
Case LRLR: Axl > Axr > A^l > Anr = Ad > Ap; 
Case LRRL: Axl > Axr > Anr > Anl = Ad > Ap; 
Case RRLL: Axr > Anr > Axl > Anl = Ad > Ap; 
Case LLRR: Axl > Anl > Axr > Anr = Ad > Ap. 

We consider a model without ^nl'- 
Case RLLD: Axr > Axl > Anl > Ad > Ap; 
Case LRLD: Axl > Axr > Anl > Ad > Ap; 
a model without ^nl'- 

Case RLRD: Axr > Axl > Anr > Ad > Ap; 
Case LRRD: Axl > Axr > Anr > Ad > Ap; 
and a model without ^nl and ^nr 
Case RLD: Axr > Axl > Ad > Ap; 
Case LRD: Axl > Axr > Ad > Ap. 



In addition to these cases, we investigation the following cases, which lead 
to a model with pseudo-Dirac neutrino states which was pointed out by Bowes and 
Volkas §: 

Case RLDN: Axr > Axl > Ad > Ap > Anr/nl] 
Case LRDN: Axl > ^xr > Ad > Ap > Anr/nl- 

For each case, in a similar way to the case RLRL, we define the energy scale 
regions and parameters Xj. The definitions for some typical cases are listed in 
Table |l|. For the model without the scalars ^nl and ^nr (the cases RLD and 
LED) and the Bowes- Volkas model (the cases RLDN and LRDN), we define the 
ranges without the range 4 (the parameter X4). The definitions for the other cases 
which are not given in Table |l| can readily be read by the exchange L ^^ R. 

Each case is investigated for the cases of non-SUSY and SUSY. Here, the 
"SUSY" case means a minimal SUSY model, and for simplicity, we take the SUSY 
breaking energy scale Asusy as Asusy = ^l in the numerical estimates. 



3 Mass matrix for the active neutrinos 

Our interest is in the effective mass matrix Mi, for the active neutrinos ul. For 
Ap) ^ Aji ^ Ap, the mass matrix (1.2) approximately leads to the mass matrix 
for the neutrinos (z/£, ur): 

^6x6 ^ _ I mLM22^ml mLM^^niR 



where 



Mf/ M^2^ \ ={ ^R 




(3.2) 



Mn = Mr- MdMI^MI , 

M22 = Ml- MIM^^Md , (3.3) 

M12 = Mji = Ml- MlMd^Mr . 

The scenarios for neutrino masses and mixings are highly dependent on the struc- 
ture of the intermediate mass scales A^l, A^r, and Ap, relative to Ap {F j^ N), 
Aft, and A^,. In this section, let us review possible matrix forms of the effective 
mass matrix of the active neutrinos u^ ■ 



Case A : Ml, Mr > Md 

For the case M^, Mr > Md, the 6x6 matrix (3.1) becomes 



M^x^ ~ I -mLME'ml mLMl^MlMR^niR 

' m^RMR^MoMl^ml -m^MR^niR ' ' ^ ' ' 



so that the approximate mass matrix M{vl) for the active neutrinos v^ 

M{vl) ~ -mLMZ^ml , (3.5) 

together with the mass matrix for the neutrinos vr 

M{ur) ^ -mlMR^rriR . (3.6) 

The smallness of the neutrino masses is given by 

^'^^ IT' J ^^'1 ■ ^^-^^ 

For the case Mr S> Ml ~ Md, especially for the case A^/Anl ~ Ar/A^r, 
we can build an interesting scenario, where the solar neutrino data [0, atmospheric 
neutrino data [§ and LSND data [|] are explained from a small mixing u^l ^^ t-'Ir, 
a large mixing v^l ^^ ^tL, and a small mixing v^l *-^ ^ei, respectively. In order to 
realize the smallness of the neutrino masses, mv/me^q ~ 10~^, the constraint 

AmlAnr/AI ~ 10^^ , (3.8) 

is required. 

Case B : Ml, Mr < Md 

For the case Mr, Ml <C Md, the matrix (3.1) leads to 



;\.6x6 ^ I -rriLMD^MRMl-'ml -niLMD^mR 

~ ' mlM];ml -mlM^-'MLMD^rriR ' ' ^ ' ' 



Since (M^^^)i2 ^ (M^^^)ii(22) because of niR ^ tjil, the case leads to a model 
with the pseudo-Dirac neutrino states z/j± ~ (uli ± v%^l^2, whose masses are 
given by the order 

m(z/±) ~ AlAr/Ad ~ {\FlAD)me,q . (3.10) 



This case has been discussed by Bowes and Volkas |^. 
Case C: Mr = 

For a model without ^nr, the matrix (3.1) leads to 






When {Aji/Al){Anl/A£)) ^ 1, we again obtain the effective mass matrix (3.5) for 
the active neutrinos z/^. 
Case D: Ml = 

For a model without ^nl, the matrix (3.1) leads to 



^6x6 ^ I rriLM^'MRMl-'ml -rriLM^'mn , ^^ ^2) 

—mRMj^~^nr[ 



When AnbJ^d ^ ^r/^l, the case gives a model with pseudo-Dirac neutrinos 
whose masses are given by (3.10). When Aj^r/Ad ^ A/j/Aj^, the case gives 

M(z/i) ~ mLM^^MRMj;-^ml . (3.13) 

Thus, in order to obtain small values of the neutrino masses {my/m^^q ~ 
10~^), we need to seek for a model with {Ar/ Al){ArI Al) ~ 10^, i.e., 

Xi+X3~9. (3.14) 



4 Evolution of the gauge coupling constants 

For convenience, let us discuss on the case RLRL. The electric charge operator Q 
is given by 

Q = Iz+\y ^ Ai < /i < A^ , (4.1) 

ly = i^ + hfLR , A^ < /x < A^ , (4.2) 

\ylr = \yl + h'R , A^ < ^ < A^,. , (4.3) 



\yL = I'i' + sI\f^, , ANL<f^< AxL , (4.4) 



Iyu = /f + ^^Fi^ , A^R < /i < AxR , (4.5) 

where /^^, J^^, F^^g and F^^ are generators of SU(2)'^, SU(2)'^, SU(4)l and SV{A)r, 
respectively. We denote the gauge couphng constants corresponding to the opera- 
tors Q, Y, Ylr, Yl, Yr, I^, I^, r^, r^, F^ and F^ as g^m = e, gi, giLR, 9il, 9ir, 
g2L, g2R, g2Li Qm^ 94^l and (74^, respectively. The boundary conditions for these 
gauge coupling constants at /i = A^, /x = A^, /i = Ap, fj, = A^vl, and fi = Aj^r are 
as follows: 

«e™(AL) = a.liAL) + ^«r'(AL) , (4.6) 

-ar'(Aij) = a^R{AR) + -ar2^(AR) , (4.7) 

-a^lRiAp) = -a^liAp) + -a^^iAp) , (4.8) 

-a^liA^L) = «2l'(A7vl) + 3«4l'(Ajvl) , (4.9) 



and 



-a^^iAr^R) = a'^lliANR) + -a^^{A^R) , (4.10) 



respectively, correspondingly to Eqs. (4.1) - (4.5), where ai = gi/4:TT. We also have 
the following boundary conditions at /i = Ai?, /i = A^l, /^ = Anr, fj, = Axl and 
H = AxR- 

«3"'(Af) = «3"2(Af) + amiAp) , (4.11) 

a^liA^L) = a^liANL) , (4.12) 

a^R^ANR) = a^R^ANR) , (4.13) 

a^liAxi) = «2l'(Axl) = a^liAxL) , (4.14) 

«2"i(Axi?) = cx'2~r{Axr) = cx^r{Axr) . (4.15) 

The evolutions of the gauge coupling constants gi at one-loop are given by 
the equations 

— ai(/i) = -—ha^iifi) , (4.16) 



where t = In /x. 

For example, for the case RLRL, the coefficients bi are calculated as follows. 
The quantum numbers of the fermions / and F are assigned as those in Table |^. 
Note that in the model with detMu = 0, the heavy fermions Fl and Fr except 
for UsL and Usji are decoupled for fi < Ap and the fermions u^ji and U^l are 
decoupled for fi < A/j. Components of the Higgs scalars ^nr, ^f and (pR which 
contribute to the coefficients biR, for example, in the energy-scale range 6, are 
[1;(1,3,I0) + (3,1, 10)], [16;(l,2,4)],and[l;(2,2,l)]ofSO(10)^x[SU(2)xSU(2)'x 
SU(4)]r, respectively. In the range 5, those become [(1, 1, 1); (1, 3, 10) + (3, 1, 10)], 
[(1,2,4); (1,2,4)], and [(1, 1, 1); (2, 2, 1)] of [SU(2) x SU(2)' x SU(4)]i x [SU(2) x 
SU(2)' X SU(4)]/j, respectively. The results are hsted in Table |^. The coefficients 
bi for the other cases can be calculated in a similar way. 

For the numerical study, we use the following input values 0: ai = 0.01683, 
0^2 = 0.03349, and 0:3 = 0.1189 at fi = mz instead of those at yU = A^, and 

^ = 0.02, i.e., a;2 = log ^ = 1.70, (4.17) 

which was derived from the observed ratio rric/mt and the modified universal seesaw 
model [0 with the constraint detMu = 0. Since we have four constraint equations 
(4.14) and (4.15), four of the eight parameters xi, X3, X4, X5, xq and 

«i = oimi^F) , ^2 = ami^R) > ^3 = "^(^f) > (4-18) 

are independent. (For the cases with X4 = 0, the number of the independent 
parameters are three.) What is of great interest to us is whether we can give a 
reasonable order of the neutrino masses or not. Therefore, we evaluate the maximal 
value of X3 under the constraints Xi > I, X4 > 0, x^ > 0, Xg > 0, ai > 1, 02 > 1 
and 03 > 1. If there is no solution with {x3)max > 0, the case will be ruled out. 
Even if we have a solution with {x3)max > 0, which means that there are the 
unification points Axl and Axr of the gauge coupling constants, it will be difficult 
to explain the smallness of the neutrino masses if the numerical results of Xi + 0:3 
show xi + X3 < 8. 



5 Numerical results 

The numerical study has been done for non-SUSY and SUSY cases with np = 
1, 2, 3, 4 and n^ = 1, 2, ■ ■ ■ , 6, where np and n^ are numbers of the Higgs scalars 

in 



$F and (pL {4>r)- 

In all the non-SUSY cases with Axr. > Axl, there is no solution with 
{x3)max > 0. Therefore, the cases are ruled out. For the non-SUSY case with 
AxL > AxR, except for the case LRD which gives {x3)max < 0, we can get positive 
values {xs)max > 0. However, the solutions with {x3)max > are allowed only when 
Up = 1 and ra^ > 5. In Table |, the values of {x3)max and {xi)max for the cases with 
np = 1 and n^ = 6 are demonstrated. As seen in Table §, these cases cannot give 
large values of {xi)max and/or {x3)max- Therefore, all the non-SUSY cases cannot 
explain the smallness of neutrino masses m^, so that they are ruled out. (A similar 
study for a non-SUSY case, but for a case with different Higgs scalars, has been 
done by the author |[10|. In Ref. [|10|, in spite of his numerical result Xi < 6.1 for 



a case with A/, > A/j, he concluded that the case cannot be ruled out, because the 
numerical results should not be taken rigidly. However, the discrepancy between 
10^ and 10^ is too large to reconcile. ) 

In the SUSY cases, there are solutions with {xs)max > for the cases ra^ > 3, 
but they are allowed only when x^ = x^ = xq = for the cases RLRL, RLLR, 
LRLR, LRRL, RRLL, LLRR, RLLD, LRLD, RLRD, LRRD, and only when xs = 
Xg = for the cases RLD, LRD, RLDN, LRDN. This means that Axl = Axr = 
Atvl = Atvj? = Ad, and the symmetries SO(10)j;^ x SO(IO)^ are directly broken 
into the symmetries [SU(2) x U(l) x SU(3)]l x [SU(2) x U(1) x SU(3)]k neither via 
SU(4) nor SU(5). As seen in Table 0, the results are independent of the number 
of $ir, np, for the cases with x^ = x^ = xq = 0. All the cases RLRL, RLLR, ■ ■ -, 
LRDN give the same numerical results for the cases with the same value of n^. The 
results are listed in Table |^. The value of Xi + 0:3 for the case ra^ = 3 is somewhat 
large compared with a desirable value X1+X3 ~ 9. If we take the numerical results 
rigidly, the case n,^ = 6 is favorable to explain m^/irie^q ~ 10~^. 

Numerical results for a typical SUSY case with n,^ = 4 is as follows: Xi = 
11.66, X3 = X4 = X5 = Xe = 0, i.e., 

Al = 0.912 X 10^ GeV , A^ = 4.17 x 10^=^ GeV , A^ = A^ = 2.08 x 10^^ GeV , 

(5.1) 
ari(AF)=a2"i(Ap) = 2.41, a^^{An) = 3.66 . (5.2) 

Since the numerical results are same for all the cases RLRL, RLLR, ■ ■ -, the simplest 
choice will be to consider a model without Majorana mass terms. 



1 1 



6 Conclusion 

In conclusion, by using one-loop evolution equation for the gauge coupling con- 
stants, we have investigated possible intermediate mass scales Ar, Ap, Ad, Anl, 
Atvj?, and the unification scales Axl and Axr in the universal seesaw model with 
the gauge unification 80(10)^x80(10)^. The evolution has systematically been 
investigated for all the cases in which the symmetries 8O(10)Lx8O(10)ij are bro- 
ken into [8U(2) X 8U(2)' x 8U(4)]l x [8U(2) x 8U(2)' x 8U(4)]r, We have evaluated 
the maximum values of 0:3 = log{AD/Ap) and xi = log(A/{/Aj^), because in most 
cases, the neutrino masses are suppressed compared with the charged lepton and 
quark masses rrie^q by the factor lO~^^^+^3) g^g stated in 8ec. |^. 

We have found that all the cases cannot give a model with Ad ^ Ap, i.e., 
we obtain, at most, {x3)max = 1-27 for the 8U8Y model with n^ = 6. Therefore, 
models based on the cases B and D discussed in 8ec. ^ are ruled out. The cases A 
and C and a model without Majorana mass terms are our possible choices. 

The non-8U8Y model with Axr > Axl is also ruled out, because they cannot 
have the value {x3)max > 0. Although the non-8U8Y model with Axl > Axr can 
have the value {x3)max > 0, the values of Xi and 0:3 are not sufficiently large to 
explain the smallness of the neutrino masses. 

In the 8U8Y cases, there are solutions with {x3)max > 0, but they are allowed 
only when X4 = x^ = Xq = and n^ > 3. The constraint X4 = X5 = Xq = means 
that the symmetries 80(10)^ x 80(10)^ are directly broken into the symmetries 
[8U(2) X U(l) X 8U(3)]l x [8U(2) x U(1) x SV{3)]r neither via 8U(4) nor 8U(5). 

The constraint n^ > 3 is somewhat unwilling, because the cases induce the 
flavor- changing neutral currents (FCNC) . If we take the numerical results in Table |^ 
rigidly, the case with n^ = 6 (or n^ = 7) is favorable. However, the case with n^ = 6 
will fatally bring the FCNC problem to us. If we postpone the FCNC problem to 
the future, the case with n^ = 6 {nT = 3 and n^°"'" = 3) is favorable, where 
nT and n^°"'" are the numbers of the 8U(2) doublet Higgs scalars which couple 
with up- and down-quark sectors, respectively. 8uch a multi-Higgs model may play 
a role of the hierarchical mass structure within the family, i.e., {me,m^,mT-) (for 
example, see Ref. [0). 

On the other hand, if we take the FCNC problem seriously, we must take the 
case with n^ = 3. For example, if we consider a case with nT = 2 and n'^f'^^ = 1, 
the FCNC appear only in the up-quark sector, so that the damage form the FCNC 
will be reduced a little. However, the case gives an over-suppression of the neutrino 
masses because of a;i -|- X3 ~ 12. If we want to take the case n^ = 3, the excuse 
for the over-suppression is as follows: the present numerical results should not be 

10 



taken too rigidly, (i) The results were obtained by using the one-loop evolution 
equation (4.16). The consideration of the higher order corrections may slightly 
change the numerical results, (ii) The constraint (3.14), i.e., m^ ~ 10^^"'"^'^me,g, 
is obtained for the case that ?/l ~ 1, yi? ~ 1 and yp ^ 1, where the Yukawa 
couphng constants i/l, hr and yp are defined by m^ = yL-^L, "^_r = Vr-^r and 
Mp = Vf-^f, respectively. For example, if we suppose the case that y^ ~ 1, y/j ~ 1 
and yp ~ 10^^, then the suppression can be reduced by a factor 10^. (iii) We 
have used the numerical constraint A^/Ap = 0.02. The constraint came from 
the phenomenological study [0] of the quark masses based on the universal seesaw 
model. The value is model-dependent. [However, it is likely that the value of 
Ar/Ap is of the order of nic/mt {mf,/mt) in the framework of the new universal 
seesaw model. Therefore, the numerical conclusion is still reliable as the order.] 
Thus, we cannot completely exclude the case with n^ = 3. 

We conclude that when we intend to give a gauge unification of the universal 
seesaw model, the SUSY SO(IO)^ x SO(10)j:j mode is the most attractive one, where 
the symmetries are directly broken into [SU(2) x U(l) x SU(3)]l x [SU(2) x U(1) x 
SU(3)]i? and the number of the weak doublet Higgs scalars is n^ > 3, although the 
case still remains problems. It is our next task to investigate whether the Yukawa 
coupling constants show reasonable behaviors under these symmetries or not. 
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Table 1: Surviving symmetries in each energy-scale range and definition of the 
parameters Xj for typical cases. G224 and G123 denote G224 = SU(2) x SU(2)' x SU(4) 
and G123 = U(l) X SU(2) x SU(3), respectively. For all cases, the symmetries 
in the ranges 1 and 2 are given by SU(2)^ x xU(l)y x SU(3)^^ and SU(2)^ x 
SU(2)^ X U(l)^^ X SU(3)^^, respectively, and the parameters xi and X2 are defined 
by xi = log(A^/Ai) and X2 = log(Ai7'/A^). For all cases, we can read X3 as 
X3 = log(Az)/A^) 



Case 



Range 3 



Range 4 



Range 5 



Range 6 



LRLR 



(Gi23)l 
X-^ = log 



X (Gl23)i? 

(Anr/^f) 



(Gi23)l X (G224)_R 
X4 = log(A7VL/A7Vij) 



(G224)l X (G224)i? 
X5 = log{AxR/ANL) 



(G224)l X SO{10)r 
Xq = log{AxL/AxR) 



LLRR 



(Gi23)l 

X3 = log 



X (Gi23)i? 

(Anr/Af) 



(Gi23)l X (G224)_R 
X4 = log{AxR/ANR) 



(Gi23)l X 50(10)^ 
X5 = log{ANL/AxR) 



(G224)l X 50(10)^ 
Xq = \0g{AxL/ANL) 



LRLD 



(Gi23)l 
X3 = lo} 



X (Gi23)i? 

5(AD/Ai.) 



(Gi23)l X (G224)_R 
X4 = log(AAri/AD) 



(G224)l X (G224)i? 
X5 = log(Axi?/AArL) 



(G224)l X 50(10)^ 
Xq = log{AxL/AxR) 



LRRD 



(Gi23)l 
X3 = lo} 



X (Gi23)i? 

5(AD/Ai.) 



(G224)l X (Gi23)_R 
X4 = \0g{AxR/AD) 



(G224)l X (G224)i? 
X5 = log(Axi?/AAr/j) 



(G224)l X SO{10)r 
Xq = \og{AxL/AxR) 



LRD 



(Gi23)l 
X^ = lo} 



X (Gi23)i? 

5(AD/Ai.) 



(G224)l X (G224)i? 
Xr, = log(Axi?/A£i) 



(G224)l X 50(10)^ 
Xq = \0g{AxL/AxR) 



LRDN 



(Gi23)l 

X^ = lo} 



X (Gi23)i? 

iAn/Ap) 



(G224)l X (G224)i? 
X5 = log(Axi?/A£,) 



(G224)l X 50(10)^ 
Xq = \0g{AxL/AxR) 



Table 2: Quantum numbers of the fermions / and F for [SU(2) x SU(2) x SU(4)]i, 
X [SU(2) X SU(2)' X S\J{4)]r. 





h' 


/^" 


V 3-^1^ 




li 


jiR 

-'3 


ylE^^ 


Ul 


+1 





H 


Ur 


+\ 





H 


dL 


1 

2 





H 


dR 


1 
2 





H 


J^L 


H 





1 

2 


J^R 


+\ 





_i 
2 


ei 


1 

2 





1 

2 


Gr 


1 
2 





1 
2 


D'r 





+1 


1 
6 


Dl 





+\ 


1 
6 


V'r 





1 

2 


1 
6 


Ul 





1 

2 


1 
6 


E^R 





+1 


+ 1 


El 





+\ 


+ i 


N^R 





1 

2 


+ i 


Nl 





1 

2 


+ i 



Ifi 



Table 3: Coefficients bn and fej^j of the 
group equations in the case RLRL. The 
except for 61 and 63 in the regions 1 and 



gauge- couphng- const ant renormahzation 
coefficients bi without the indices L or R, 
2, denote k = ki = biR. 



Range 


Non-SUSY 


SUSY 




Range 1 


&3 = 7 


&3 = -3 




Al < /i < Ar 


^2 = f-|/^2 


&2 = -|/i2 


/i2 = n^ 




61 = - (4 + \h,) 


&1 = - (6 + f/^i) 


hi = \n^ 


Range 2 


bs = f 


63 = 2 




Ar< I2<Af 


b2 = f-lh. 


62 = -i/^2 


/i2 = n^ 




^1 = - (f + Ih.) 


61 = - (10 + |/li) 


hi = n^ 


Range 3 


b3 = 7-lh 


63 = 3 - i/l3 


h3 = 6 


Af < /i < Anl 


b2 = f-lh2 


&2 = -\h2 


/i2 = n^ 




5i = - (4 + Ih) 


61 = - (6 + |/.i) 


hi = Y + ¥<P 


Range 4 


^4L = f - i^4L 


64L = 6 - i/l4L 


hiL = 36 + 16 


AiVL < /i < Anr 


b^L = -- Qfl2L 


b2L = -\h2L 


h2L = 40 + 2n4, 




/,' - 10 1/,' 

"2L — 3 e'hL 


h' — i/)' 
C'2L — 2'^2L 


Kl = 40 + 32 + 2n^ 




b3R = 7- \h^R 


fesK = 3 - |/l3R 


hsR = 16 




h 10 1/, 


&2R = — 2^2R 


h2R = n^ 




&ii? = - (4 + |/Iir) 


&1R = - (6 + f/llfi) 


tllR — — + 2^<P 


Range 5 


64 = f-|/.4 


&4 = 6 - |/l4 


/i4 = 36 + 16nF 


Anr < /i < AxL 


^2 = f-|/^2 


&2 = -\h2 


/i2 = 40 + 2n^ 




^2 = f - \h'2 


b'2 = ~\K 


h'^ = 40 + ?,2nF + 2n0 


Range 6 








AxL < ^l< AxR 


biR = — — g/i4_R 


biR = Q- \hiR 


/i4_R = 36 + 32ni? 




A 10 l/i 
02R - - - eAi2R 


b2R = — 2^2R 


h2R = 40 + 2n^ 




/)' - 10 1/,' 
''2iJ — 3 ~ 6'^2iJ 


h' — 1 /)' 
'^2R — ~2'^2R 


^2J? = 40 + 64nF + 2n^ 
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Table 4: Maximal values of X3 = log(A£)/A^) 
SUSY cases with np = 1 and n^ = 6. 



and Xi = log(A/i;/Aj^) in the non- 



Case 


[X^jmax 


at xi 


y^ljmax 


at X3 


LRLR 


+0.642 


1.00 


+5.20 


0.00 


LRRL 


+0.642 


1.00 


+5.20 


0.00 


LLRR 


+0.301 


1.00 


+2.11 


0.00 


LRLD 


+0.647 


1.00 


+5.28 


0.00 


LRRD 


+0.628 


1.00 


+4.99 


0.00 


LRD 


-0.049 


1.00 


+0.44 


0.00 


LRDN 


+0.642 


1.00 


+5.20 


0.00 



Table 5: Maximal values of X3 = log(A/)/Ai?) and xi = log(A/j/Ai) in the SUSY 
cases with n,^ = 3, 4, 6. 



n^ 


yX^Jinax 


at Xi 


\Xl)max 


at X3 


Xi + X3 


3 


+0.063 


12.27 


+ 12.38 


0.00 


12.38 > xi+X3> 12.33 


4 


+0.570 


10.66 


+ 11.66 


0.00 


11.66 > xi+aja > 11.23 


6 


+ 1.269 


8.16 


+ 10.41 


0.00 


10.41 >xi + X3> 9.43 



IS 



